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The proper regulation of factors involved in mitosis is crucial to ensure normal cell division. Levels and activities of proteins are regulated in many ways, one of which is ubiquitinmediated protein degradation. E3 ubiquitin ligases are involved in targeting specific substrates for degradation by facilitating their ubiquitination.
In seeking to elucidate additional biological roles for Cul3 we performed a two-hybrid screen and identified Ctb9/KLHDC5 as a Cul3-interacting protein.
Over expression of Ctb9/KLHDC5 resulted in an increase in microtubule density as well as persistent microtubule bridges between postmitotic cells. Conversely, down regulation of Ctb9/KLHDC5 showed a pronounced reduction in microtubule density.
Based on these observations, we examined the interactions between Cul3, Ctb9/KLHDC5, and the microtubule-severing protein, p60/katanin. Here we show that p60/katanin interacts with a complex consisting of Cul3 and Ctb9/KLHDC5, which results in ubiquitin laddering of p60/katanin. Also, Cul3-deficient cells or Ctb9/KLHDC5-deficient cells show an increase in p60/katanin levels, indicating that Cul3/Ctb9/KLHDC5 is required for efficient p60/katanin removal. We demonstrate a novel regulatory function for p60/katanin that occurs at the level of targeted proteolysis to allow normal mitotic progression in mammalian cells.
Due to the irreversible nature of protein degradation, ubiquitin-mediated proteolysis is an effective method to sequentially order cell cycle events.
During ubiquitin-mediated protein degradation, the E1 ubiquitin-activating enzyme forms an ATP-dependent thioester bond with a ubiquitin molecule. The activated ubiquitin is subsequently transferred to an E2 ubiquitinconjugating enzyme, which can either directly attach ubiquitin onto its substrate or act in concert with an E3 ubiquitin ligase to achieve the same end (1, 2) . The E3 serves a dual function in recruiting the E2 ubiquitin-conjugating enzyme to the substrate and in positioning the two in close proximity. While attachment of a single ubiquitin molecule to a lysine side chain can serve as a cellular targeting or localization signal, multiple rounds of ubiquitination result in the formation of poly-ubiquitin chains added to substrate lysines which can act as a signal to target the substrate for degradation by the 26S proteasome (3) . Cullins are the core of a major class of E3 ligase proteins. One well-characterized E3 ligase of the cullin (Cul) family is the SCF complex, which is named for the essential core components Skp1-Cullin1-F-Box. Cul1 binds to the adaptor protein Skp1, which associates with an F-box protein to coordinate substrate recognition (4-10). Many F-box motifcontaining proteins have been discovered, which function as adaptors to recruit specific substrates to the SCF complex (11, 12) .
Cul3 is a related cullin family member that is involved in a variety of cellular processes. Cul3 is important in cell cycle regulation, targeting cyclin E for ubiquitination and degradation (13) . In addition, we have shown that Cul3 activity is vital for the maintenance of quiescence in mammalian liver cells (14) . Other substrates of mammalian Cul3 include the antioxidant transcription factor, Nrf2, Aurora B kinase, thedomain-containing proteins contain additional protein-protein interaction motifs, such as MATH domains, kelch (KLH) repeats, or Zn fingers (32) . Several of these proteins have been identified as substrate-specific adaptors for Cul3.
Recent work suggests a possible trend in which proteins containing both BTB and kelch domains act as Cul3 adaptor proteins in mammalian systems. The human Keap1 KLH-BTB protein targets the transcription factor Nrf2 as well as PGAM5 for Cul3-mediated degradation, regulating gene expression in response to oxidative stress (16) (17) (18) 24, 33, 34) . The substratespecific adaptor KLHL12 binds to Cul3 via its BTB domain, and via kelch repeats, interacts with Dishevelled (Dsh) to negatively regulate the Wnt-B-catenin pathway (15) .
KLH-BTB 17, or actinfilin, acts as an adaptor to target the glutamate receptor subunit GluR6 for Cul3-based degradation (21) . Most recently, Cul3 was shown to associate with KLHL9 and KLHL13 to target the Aurora B kinase for degradation (22) . There are 183 known BTB domain-containing proteins in human cells, 49 of which also contain kelch domains (35) , suggesting that a vast array of substrates may be targeted for degradation by the interaction of Cul3 with particular BTB proteins.
Regulation of progression through mitosis and cytokinesis is complex. A variety of spindleassociated proteins have been identified which are critical for the organization and function of the mitotic apparatus. Among these proteins are the kinesin family of motor proteins, dynein, NuMa, and γ-tubulin (36, 37) . In addition, several proteins form a complex, the chromosome passenger complex, which is involved in coordinating chromosome segregation and cytokinesis (38) . These proteins include Aurora B kinase that is found in a complex with survivin, borealin, and INCENP (39) . During prophase, these proteins are localized along the length of chromosomes, but become more concentrated at the inner centromere regions at the onset of prometaphase, and finally localize to the central spindle during anaphase. Aurora B is crucial in the kinetochore assembly pathway in mammalian cells (40) and is vital to establish and maintain the spindle checkpoint (41) . Lastly, there is a window of time lasting approximately one hour following anaphase during which the cell is competent to undergo cytokinesis, which also requires the APC complex (42, 43) .
Studies in mammalian cells have revealed the importance of microtubules in the positioning and ingression of the cytokinesis furrow (44) . An important microtubule-remodeling factor is katanin. Katanin is a microtubule-severing protein that consists of a catalytic p60 subunit and a noncatalytic subunit termed p80. p60 is a member of the AAA ATPase super family with microtubulesevering activity, while p80 serves to target katanin activity to the microtubules (45) . The Cterminal portion of p60 shares homology with other AAA ATPase family members, and the Nterminus mediates interaction with microtubules (46) . p80 contains a C-terminal region required for dimerization with p60 that enhances activity, a central proline-rich region, and an N-terminal WD40 domain that may serve to negatively regulate p60 activity and to target katanin to the spindle pole (45, 47) . It has been suggested that regulation of the ratio of p60 to p80 subunits may be one means of modifying katanin activity (48) . Microtubule-associated proteins, or MAPs, such as tau, protect the microtubule lattice from kataninmediated severing (49) . Phosphorylation of MAPs may promote their release from microtubules, making them more accessible to katanin (49) .
An additional katanin, Mei-1, is the catalytic subunit of the katanin-like Mei-1/Mei-2 heterodimer (50) . A genetic screen in C. elegans revealed a requirement for Mei-1 in spindle formation during oocyte meiosis. However, Mei-1 activity must cease before mitosis as loss of function mutants are unable to properly form the meiotic spindle, while gain of function mutants show Mei-1 persistence through mitosis, resulting in a small, misoriented mitotic spindle (51) . Work in C. elegans suggests that microtubule severing by Mei-1 katanin increases the steady-state number of microtubules during both meiosis and mitosis (52) , but increases the total polymer mass in meiotic spindles only (53) . Genetic mutations in the microtubule-severing protein spastin show it to be responsible for Hereditary Spastic Paraplegia (HSP), which is characterized by spasticity and weakness in the lower limbs (54) . Spastin is involved in microtubule dynamics, and over expression of spastin results in disassembly of microtubules, suggesting an underlying mechanism for HSP pathogenesis (55) . Recently, three microtubule severing enzymes, katanin, spastin and fidgetin, have been shown to contribute to moving chromosomes in Drosophila (56) . While katanin functions at the chromosomes during anaphase to promote microtubule plus end depolymerization, spastin and fidgetin are concentrated at the centrosome, where they contribute to the depolymerization of microtubule minus ends and flux.
The work described here indicates that a Cul3 complex is responsible for ubiquitinmediated degradation of p60/katanin in human cells. We have identified KLHDC5 as a Cul3 substrate adaptor protein for p60/katanin, and show that altered expression of Cul3 or KLHDC5 affects microtubule dynamics. The data presented here represent a novel means by which Cul3 can regulate cell division. Additionally, this work suggests a previously unrecognized mechanism of mitotic regulation, by control of p60/katanin abundance during mitosis in mammalian cells.
Experimental Procedures
Yeast two-hybrid screen -The Cul3 cDNA encoding amino acids 17-768 was subcloned in frame to the LexA gene into the vector pLexA (Clontech). Yeast cells containing LexA-binding sites in the LEU2 promoter and carrying a plasmid containing a LexA-dependent promoter driving lacZ expression were transformed with the Cul3/LexA plasmid as well as a human testis cDNA library (Clontech). Transformed cells were grown under selection for the plasmids for three days and then harvested. The transformed library was titered and plated for two-hybrid interactions the next day. Greater than 2 x 10 6 clones were screened and more than 200 candidates were identified. Potential candidates were screened simultaneously for both leucine autotrophy and β-galactosidase activity.
Positive clones were subsequently rechecked with an unrelated LexAlamin bait for specificity. BTB domain-containing proteins identified as positives were further tested for interaction using Cul3ΔExon2 (amino acids 17- Antibodies -The cDNA encoding amino acids 1-287 of hCtb9/KLHDC5 was subcloned into the vector pET28 (Novagen). Protein expression, purification and affinity-purified antibody production were performed as described (Singer et al., 1999) : Bacteria transformed with pET28-hCtb9 were induced with IPTG for 2 hours, harvested with BugBuster (Novagen) and inclusion bodies isolated. Inclusion bodies were then boiled in sample buffer and run on a preparative SDS gel.
Protein bands were visualized using KCl staining (57) , excised and Ctb9/KLHDC5 protein was then electroeluted. Purified protein was then injected into rabbits. To affinity purify Ctb9/KLHDC5 antibodies, rabbit serum was incubated with a strip of PVDF membrane containing Ctb9/KLHDC5 protein and Ctb9/KLHDC5 specific antibodies were eluted off the membrane using low pH glycine. Affinity purified anti-Ctb9/KLHDC5 was used at a dilution of 1:200 on immunoblots and 1:5 for immunohistochemistry.
The following antibodies were used also used for immunoblots (IB), immunoprecipitation (IP) and immunocytochemistry (IC): mouse antiFlag at 1:5,000 (IB) or 1:600 (IP) (Sigma), mouse anti-Myc at 1:2,000 (IB) or 1:600 (IP and IC) (Santa Cruz), horseradish peroxidase conjugated donkey anti-rabbit and anti-mouse at 1:10,000 (IB) (Santa Cruz Biotechnology), rabbit anti-Cul3 at 1:200 (IB) or 1:20 for IC (13) , mouse anti-α-tubulin at 1:1000 for IC (Sigma), goat anti-rabbit Alexafluor-568 or -488 and goat anti-mouse Alexafluor-568 at 1:500 for IC (Molecular Probes), mouse anti-HA at 1:1000 (IB) (Covance), mouse anti-PanActin (NeoMarkers) at 1:1000 (IB), rabbit anti-p60 at 1:1000 for IC (58) .
Immunoprecipitation and immunoblot analyses were carried out using standard procedures. Transfected cells were lysed in RIPA buffer with protease inhibitor cocktail (Roche). Protein A conjugated sepharose beads (Amersham Biosciences) were used in all IPs. All washes of beads were in RIPA and blots were done in 0.5% TNT (25 mM Tris pH 7.5, 100 mM NaCl, 0.5% Triton).
Immunocytochemistry and microscopy -Cells were grown on glass cover slips under standard tissue culture conditions. Cells were then either fixed for 10 minutes in methanol at -20°C or for 30 minutes in 3.7% formaldehyde at room temperature, washed in PBS and then blocked for 1 hour in 10% goat serum, 3% BSA, 0.3% Triton X-100, 0.5 M NaCl in PBS (blocking buffer). Primary antibody was diluted in blocking buffer and added to fixed cells overnight. Coverslips were washed in PBS followed by addition of fluorescent secondary antibody for 1 hour in blocking buffer without goat serum. Cells were counter-stained when appropriate with 20 mg/ml DAPI for 10 minutes. Cover slips were then mounted on slides with either a polyvinyl alcohol/DABCO mountant or Vectashield (Vector) followed by sealing with nail polish.
When using anti-α-tubulin, immunoflourescence was carried out as described (59) . Cells were treated in 1% Triton X-100, 2 mM EGTA, 5 mM PIPES for 1 minute, fixed in -20 °C methanol for 10 minutes, rehydrated for 5 minutes in PBS and then incubated in anti-α-tubulin (Sigma) in 0.1% BSA/PBS overnight. Use of secondary antibodies, DAPI-staining and mounting was then carried out as described above.
Fluorescence and light microscopy were performed on a Zeiss microscope using either a Photometrics Cool Snap HQ digital camera or a Photometrics Cool Snap CF camera.
For quantification, 100X images were used and the data was obtained using MetaMorph software (Molecular Devices). A round or oval shaped area (based on best overall fit to the cells) was drawn, and copied and pasted onto all cells analyzed.
Therefore, all cells from each experiment were quantitated with an identical area. The average intensity of the area was determined for the particular color channel of interest by the software. Data was exported to Microsoft Excel for analysis. Statistical analysis was performed using the Student's T Distribution.
RESULTS

Cul3 interacts with proteins containing a BTB domain.
Since components and organization of the Cul3 complex need further elucidation, we sought to identify proteins that interact with Cul3 by screening a yeast two-hybrid library constructed from human testes cDNA. This assay identified over 200 verified interacting proteins we refer to as Cullin three binding proteins, or Ctbs. Amongst the Ctbs, there were nine BTB domaincontaining proteins ( Figure 1A ). Two of these proteins also contained additional identifiable domains: Ctb9/KLHDC5 contained kelch domains (60) and Ctb75 contained a MATH (meprin and TRAF homology) domain (61) . Seven of these proteins were novel while two have been previously characterized. Ctb75, also known as Mel-26 (C. elegans), SPOP (mammalian) or HIB (Drosophila), has been shown to be a Cul3-interacting protein that mediates ubiquitination of Mei-1 in C. elegans (30, 62) . In mammalian cells, Ctb75 (SPOP) has been shown to be a Cul3 substrate adaptor for two chromatin-remodeling proteins, BMI1 and MACROH2A (63) , as well as the Daxx transcriptional repressor (19) .
In Drosophila, Ctb75 (HIB) interacts with Cul3 to mediate degradation of the transcription factor Ci (64). Ctb52 is also known as PDIP and has been shown to bind PCNA. The binding of PDIP to PCNA stimulates DNA synthesis (65, 66) .
In order to verify the specificity of the 2-hybrid interaction, the Cul3 bait plasmid and BTB domain-containing Ctb prey plasmids were reintroduced into yeast cells ( Figure 1B , left, selected Ctb interactions are shown). Binding of Cul3 to the Ctb results in transcription of β-galatosidase, allowing screening of the clones for β-galactosidase activity on X-gal-containing media. Ctb9/KLHDC5, Ctb57, Ctb62 and Ctb73 showed intense β-galactosidase activity (blue) indicating strong interactions with Cul3, while Ctb52 and Ctb75 showed weaker Cul3 interactions. To test for binding specificity, a Cul3 variant in which exon 2 (residues 23-88) has been deleted was used as a bait plasmid. Exon 2 has been shown to be responsible for interaction with the BTB domain (23, (29) (30) (31) (32) .
This exon is occasionally spliced out and is a naturally occurring cDNA in cells from several adult mouse organs and in cultured cell lines (data not shown). Interestingly, exon 2 is identical in most Cul3 genes across multiple species, suggesting it has a critical role. As expected the Cul3 "bait" plasmid, lacking exon2 (Cul3Δexon2), was unable to interact with the Ctb proteins ( Figure 1B, right) . In addition, a control prey plasmid containing Lamin A instead of Cul3 was tested against all the Ctbs and was found to have no β-galatosidase activity with any of the constructs (not shown).
Ctb9/KLHDC5
contains additional protein interaction domains. We chose Ctb9/KLHDC5 for further study.
We were interested in a more in-depth analysis of this protein for several reasons. We independently identified Ctb9/KLHDC5 as a Cul3 binding protein in a separate assay using a Cul3 TAP tagged construct and proteomics (Wimuttisuk and Singer, in prep). In addition, others and we have identified other BTB/Kelch proteins as Cul3 substrate adaptors (15, 16, 21, 22) . The Ctb9/KLHDC5 protein consists of 505 amino acids and, in addition to its BTB domain, contains three kelch repeat protein-protein interaction motifs ( Figure 1C ). The BTB domain is located at the amino-terminal end of the protein (red), whereas the kelch domains occur near the central region of the protein (blue), spanning amino acids 242 to 378 ( Figure 1C) . Arrows indicate the positions of inserted stop codons in the constructs used in this study. We cloned the open reading frame for Ctb9/KLHDC5 in frame with a myc-tag and over-expressed it with Cul3. Immunoprecipitation of Ctb9/KLHDC5 followed by immunoblotting for Cul3 in human kidney 293 cells (HEK293) cells, confirmed that a physical interaction between Cul3 and Ctb9/KLHDC5 occurs in mammalian cells ( Figure 1D , left lane of the upper panel). Deletion of the BTB domain in Ctb9/KLHDC5 dramatically reduced its interaction with Cul3, verifying that the BTB domain was the site of Cul3 interaction ( Figure 1D , right lane).
We were interested in determining the in vivo expression patterns of Ctb9/KLHDC5 so we generated antibodies to Ctb9/KLHDC5 to allow analysis of endogenous Ctb9/KLHDC5 protein expression. Rabbit polyclonal antibodies were raised against the amino acids encoded by the first exon of Ctb9/KLHDC5 (amino acids 1-292). Antiserum was obtained from Ctb9/KLHDC5-injected rabbits and anti-Ctb9/KLHDC5 antibodies were affinity purified and tested for specificity by immunoblotting.
Increasing total amount of protein from untransfected HEK293 cells resulted in the detection of a single band at the molecular weight corresponding to Ctb9/KLHDC5 that increased in intensity with increasing total protein (56.8 kDa, Figure 2A) . In order to verify the specificity of the purified antibodies, affinity purified rabbit anti-Ctb9/KLHDC5 was epitopeblocked by prior incubation with purified Ctb9/KLHDC5 protein, which eliminated detection of transfected Ctb9/KLHDC5 by immunoblot (data not shown). This increase in α−tubulin staining was greater than 2-fold when compared to staining in control cells (expressing empty vector) ( Figure 2B , bar graph). In addition 3.4% of cells over expressing Ctb9/KLHDC5 (of the 680 cells examined) had persistent microtubule bridges between post-mitotic cells, suggesting mitosis was unable to occur normally ( Figure 2B , lower panels). Additionally, Ctb9/KLHDC5 over expression frequently resulted in cells with multiple nuclei (Figure 2B center panels) . These data suggest that over expression of Ctb9/KLHDC5 stabilizes microtubules and may inhibit de-polymerization necessary for normal cell morphology and mitosis.
To examine the consequences of loss of endogenous Ctb9/KLHDC5 function, we reduced its expression by transient transfection of short interfering double-stranded RNA (siRNA) targeted against Ctb9/KLHDC5.
To verify the effectiveness of the siRNA, HeLa cells transfected with Myc-tagged Ctb9/KLHDC5 were analyzed using quantitative real time PCR to examine the impact of the siRNA oligonucleotides at the mRNA level ( Figure 2C ). Increasing amounts of siRNA targeted against Ctb9/KLHDC5 effectively reduced transcript levels to a barely detectable level. Transfection with Ctb9/KLHDC5 siRNA also reduced endogenous Ctb9/KLHDC5 protein levels in HeLa cells as shown in Figure 2D . Figure 2E , arrows indicate cells that received siRNA).
Visualization of the microtubule structure in HeLa cells transfected with CS2+MT vector and 0.3 nmol of Ctb9/KLHDC5 siRNA revealed a dramatic loss of microtubule structure in 31.4% of 466 cells under expressing Ctb9/KLHDC5 compared to 7.4% of 94 cells treated with CS2+MT vector alone. Two independent siRNA constructs targeted against Ctb9/KLHDC5 were used, each with similar results.
The total levels of tubulin protein (monomer) remained unchanged as assayed by immunoblot (data not shown). A non-targeting siRNA used as a negative control showed no change in microtubules (not shown). To confirm these results were not specific to a cancer-derived cell line, normal human embryonic lung fibroblasts were co-transfected with GFP and siRNA targeted against Ctb9/KLHDC5, revealing the same drastic reduction in the microtubule framework (not shown).
Endogenous Ctb9/KLHDC5 is expressed during mitosis. To gain better insight into its function, we examined expression and localization of endogenous Ctb9/KLHDC5 protein by immunofluorescence. Untransfected HeLa cells synchronized by serum starvation and release were examined at various time points and stained with affinity purified α-Ctb9/KLHDC5 antibody. This revealed very strong Ctb9/KLHDC5 expression in mitotic cells and diffuse staining in interphase cells ( Figure 3A) .
During metaphase (M), Ctb9/KLHDC5 is expressed throughout the cell, and is more widely dispersed than the microtubules (as seen in the upper set of panels). In anaphase cells (second set of panels, A), Ctb9/KLHDC5 is localized between the two sets of separated chromosomes as well as at the spindle poles.
Finally, during telophase (T), Ctb9/KLHDC5 is again expressed in a circular pattern, surrounding the nuclei of the two daughter cells (middle panels). During cytokinesis (C), Ctb9/KLHDC5 expression appears absent from the midbody region as shown in the fourth set of panels. Interphase cells (I) Figure 3B) In order to determine if a microtubulesevering protein was the substrate of the Cul3/Ctb9/KLHDC5 E3 ligase, we cloned the mammalian p60/katanin homolog (KATNA1) and expressed it in HEK293 cells with or without coexpression of Ctb9/KLHDC5 and Cul3. Immunoprecipitation followed by immunoblot revealed binding between p60/katanin and Ctb9/KLHDC5 ( Figure 4A, left panel) . This binding was not dependent on the BTB domain in Ctb9/KLHDC5 ( Figure 4A, right panel) . Because p60/katanin appeared to be a potential candidate for regulation by the Cul3/Ctb9/KLHDC5 complex, we used an anti-p60 antibody (previously described (58)) to examine endogenous p60/katanin protein expression by immunofluorescence. Expression of endogenous p60/katanin in HeLa cells was detected primarily in mitotic cells, similar to the mitotic expression pattern seen for Ctb9/KLHDC5 ( Figure 4B ). During metaphase, p60/katanin was expressed throughout the cell, extending beyond the area of microtubules (upper panel). The major differences seen in expression patterns of Ctb9/KLHDC5 and p60/katanin occur during anaphase and telophase in which the majority of the p60/katanin expression occurs in the midbody region, with some expression at the spindle poles (lower sets of panels). This is in contrast to Ctb9/KLHDC5 expression during telophase in which it is excluded from the midbody region ( Figure 3A) . The same p60/katanin expression pattern was seen in human embryonic lung fibroblasts ( Figure 4C ) and in NIH3T3 cells ( Figure S1 ). In order to more directly assess the effect of Ctb9/KLHDC5 on in vivo p60/katanin levels, Ctb9/KLHDC5 expression was knocked down with siCtb9/KLHDC5 and immunofluoresence was utilized to compare p60/katanin protein levels in transfected versus untransfected HeLa cells ( Figure 4D ). p60/katanin levels were increased two-fold in cells receiving siRNA targeted against Ctb9/KLHDC5 when compared to untransfected cells or cells transfected with GFP alone, providing strong evidence that Ctb9/KLHDC5 regulates p60/katanin levels in vivo.
p60/katanin is ubiquitinated by Cul3 in cells.
A suggested model, that Cul3 is the E3 ligase that ubiquitinates p60/katanin was tested by co-expression in HEK293 cells. In order to determine whether p60/katanin was present in a complex with Cul3, HEK293 cells were cotransfected with p60/katanin and Cul3, with or without Ctb9/KLHDC5 ( Figure  5A ). Immunoprecipitation of p60/katanin via the FLAG tag, followed by Cul3 immunoblot (upper panel) and Cul3 immunoprecipitation followed by immunoblot for p60/katanin (second panel) revealed an interaction between p60/katanin and Cul3 that was enhanced in the presence of Ctb9/KLHDC5.
These data reinforce our hypothesis that Ctb9/KLHDC5 serves as a substrate recognition adaptor to recruit p60/katanin to the Cul3 complex. Cells were cotransfected with p60/katanin, HA-tagged ubiquitin and Cul3 and levels of p60/katanin and ubiquitinated p60/katanin were determined by immunoblotting ( Figure 5B) . Addition of the proteasome inhibitor MG132 resulted in ubiquitin laddering of p60/katanin when transfected alone showing that p60/katanin is ubiquitinated in vivo. When both MG132 treatment and Cul3 cotransfection were combined, it resulted in a 1.9 fold increase in overall p60/katanin protein levels (upper blot), and a 1.6 fold increase in ubiquitinated p60/katanin when compared to MG132 alone (lower blot). The upper panel depicts a p60/katanin blot; while the lower panel is a p60 (FLAG) IP followed by a ubiquitin (HA) blot to show the high molecular weight forms of p60/katanin are ubiquitinated p60. A breakdown of the quantification of the p60/katanin blot revealed that there is only a 1.2 fold increase in MG132-treated monomer p60/katanin with cotransfection of Cul3, but the higher molecular weight forms of p60/katanin increase by 2.3 fold in the presence of Cul3. These data show that the Cul3-based E3 ligase promotes poly-ubiquitination of p60/katanin and therefore acts as an E3 ligase to mediate p60/katanin ubiquitination-dependant degradation.
Ctb9/KLHDC5 binds p60/katanin via its kelch domains.
We have observed that immunoprecipitation followed by immunoblotting revealed that while the BTB domain of Ctb9/KLHDC5 is necessary for interaction with Cul3, it is not needed for interaction with p60/katanin ( Figure 1D and Figure 4A ). Therefore, we hypothesized that interaction of Ctb9/KLHDC5 with p60/katanin may be mediated by one of the three kelch repeats in Ctb9/KLHDC5. We constructed four Myc-tagged Ctb9/KLHDC5 mutants containing stop codons as shown in Figure 1C and examined the interactions between each Ctb9/KLHDC5 mutant and p60/katanin ( Figure 5C ) and with Cul3 ( Figure 5D ). We observed that while the kelch domains of Ctb9/KLHDC5 are dispensable for binding with Cul3, at least one of the kelch domains is essential for its interaction with p60/katanin. Over expression of the non-p60/katanin binding mutant Ctb9Δkelch in HeLa cells resulted in a vast reduction in microtubule density ( Figure 5E ). This phenotype is comparable to siRNA knockdown of Ctb9/KLHDC5 and contrary to over expression of full length Ctb9/KLHDC5. It appears that the Ctb9Δkelch mutant acts as dominant negative protein, interfering with the function of endogenous Ctb9/KLHDC5.
Cul3 regulates the abundance of p60/katanin in vivo, which is vital for faithful
progression of mitosis. To order to determine if p60/katanin is an in vivo target for the Cul3/KLHDC5 ubiquitin ligase, HeLa cells were transiently transfected with siRNA targeted against Cul3. Immunoblots of lysates utilizing anti-Cul3 serum were used to verify the effectiveness of the Cul3 siRNA ( Figure 6A ). Examination of endogenous Cul3 showed a dramatic decrease in Cul3 protein levels when cells were transfected with Cul3 siRNA ( Figure  6A , right lane) compared to unstransfected controls ( Figure 6A, left lane) . HeLa cells were co-transfected with Cul3 siRNA and GFP to identify transfected cells by immunofluorescence. Fixed cells were stained with DAPI and antibody to α-tubulin to visualize microtubules. HeLa cells under expressing Cul3 showed a dramatic increase in multinucleated cells ( Figure 6B ). The presence of multinucleated cells is consistent with previous work (22), which attributed the failure of Cul3-defient cells to complete cytokinesis to the loss of regulation of Aurora B in these cells by the Cul3/KLHL9/KLHL13 complex. Our data also showed an occasional increase in Aurora B levels by immunofluorescence in Cul3-depleted cells ( Figure S2 ), but the results were inconsistent and some siRNA-treated cells showed no change in Aurora B expression compared to control cells (not shown).
We wished to directly determine if p60 protein levels were also affected by loss of Cul3. To do so, cells were treated with Cul3 siRNA and stained for p60/katanin. Cells that received siRNA against Cul3 showed an increase in endogenous p60/katanin staining in interphase cells ( Figure  6C) ; nearly doubling the p60/katanin fluorescence intensity seen in control GFP treated cells. These results further underscore the importance of Cul3 in targeting p60/katanin for ubiquitin-mediated degradation. We have previously shown that bonafide Cul3 substrates are more abundant in primary fibroblasts that express low levels of Cul3 (14, 21, 67) . To determine if p60/katanin expression levels were also elevated in Cul3 hypomorphic cells, we examined p60/katanin protein levels by immunofluorescence in mouse embryonic fibroblasts (MEFs) ( Figure 6D ). As expected, in comparison to wild type MEFs (upper panel), Cul3 +/-MEFs expressed greatly increased levels of p60/katanin lower panels).
DISCUSSION
We identified nine proteins containing BTB domains that interact with Cul3, making them candidates for Cul3 substrate adaptor proteins. Further analysis of one of the nine proteins, Ctb9/KLHDC5, revealed its importance in the regulation of cellular microtubule structure. Over expression of Ctb9/KLHDC5 resulted in an increased microtubule density, cytoplasmic bridges between cells, and bi-nucleated cells. In contrast, knockdown of Ctb9/KLHDC5 protein levels by dsRNA or over expression of a dominant negative mutant resulted in a dramatic reduction in the cellular microtubule framework.
The phenotypes observed are consistent with regulation of the function of katanins, or microtubule severing proteins. Both Ctb9/KLHDC5 and p60/katanin were found to express predominantly during metaphase, anaphase, and telophase of mitotic cells. While some staining was detectable in interphase cells, the staining was much less intense. During telophase Ctb9/KLHDC5 expression is lost in the midbody region and p60/katanin expression is enhanced in that region. This observation is consistent with a role for Ctb9/KLHDC5 in the degradation of p60/katanin. In an area where Ctb9/KLHDC5 is gone, p60/katanin levels accumulate.
Consistent with that data and providing mechanistic evidence, Ctb9/KLHDC5 forms a complex with p60/katanin, interacting with p60/katanin via one or more of its kelch domains, and with Cul3 through its BTB domain. Co-expression of Cul3 with p60/katanin results in ubiquitin laddering of p60/katanin.
Presumably, over expression of Ctb9/KLHDC5 causes an increase in microtubule density because more p60/katanin is targeted for ubiquitination and subsequent degradation than would be in cells expressing endogenous levels of Ctb9/KLHDC5. We hypothesize that without proper regulation of p60/katanin microtubulesevering activity, cells that are in mitosis are unable to faithfully complete cell division by undergoing the necessary remodeling of their microtubule framework, resulting in the low percentages of cells with cytoplasmic bridges and bi-nucleated cells. Interphase cells that have excess Ctb9/KLHDC5 expression have reduced basal p60/katanin levels, which may prevent normal microtubule dynamics, by the failure of microtubules to be severed and restructured as they normally would. As expected, reduction of Ctb9/KLHDC5 expression by siRNA resulted in a dramatic decrease in the microtubule framework because more p60/katanin is available for severing microtubules.
We feel that the observed phenotypes are due to misregulation of p60/katanin because we can reverse the phenotype of accumulation of cells containing excess microtubules by coexpression of both Ctb9/KLHDC5 and p60/katanin ( Figure S3 ). In addition, down regulation of p60/katanin using siRNA phenocopies over expression of Ctb9/KLHDC5 ( Figure S4) . When Cul3 expression is diminished by siRNA, mammalian cells are unable to complete cytokinesis, and binucleated cells accumulate ( Figure 6B and (22) ).
This more complex phenotype compared to regulation of Ctb9/KLHDC5 expression is understandable since Ctb9/KLHDC5 only targets a subset of the Cul3 substrates in cells. Thus, we would not expect the overall cellular phenotype resulting from reduced Cul3 expression to mirror what we see by manipulation of p60/katanin protein levels in cells, because changes in the expression of any of the diverse group of Cul3 substrates could result in a complex phenotype.
In contrast, because Ctb9/KLHDC5 is the Cul3 substrate adaptor specific to p60/katanin, we expect changes in its expression to correlate closely with the affects of modifying p60 levels. Interestingly, Ctb9/KLHDC5 associates with other potential microtubule-severing proteins when assayed by over expression, including human Mei-1, Skd-1, and Katna-2 (our unpublished observations) and thus could serve as a Cul3 complex adaptor for these proteins as well. However, as mentioned above, we feel that the major substrate of the Cul3/Ctb9/KLHDC5 E3 ligase is p60/katanin.
The importance of microtubules for positioning and ingression of the cytokinesis furrow has previously been established (44) . Analysis of cytokinesis in mammalian cells revealed that inhibition of the proteasome by the addition of MG132 drastically elongated the amount of time required for exit from cytokinesis (68) .
The anaphase-promoting complex or cyclosome (APC/C) has long been established as a major regulator of the cell cycle by targeting various cell cycle components such as cyclin A, cyclin B, securin, and CDC20 for ubiquitindependent proteasomal degradation (69) . While these observations may be attributable to the ubiquitin ligase activity of the APC/C, it is also feasible that Cul3 activity may be partly responsible for this phenomenon. Other studies as well as the work described here have begun to hint that Cul3 may be emerging as another major player in the ubiquitin-mediated regulation of cell division (14, 22) .
Recent experiments have shown that RNA interference targeting Cul3 results in misaligned chromosomes and failure of HeLa cells to complete cytokinesis due to misorganization of the midzone and midbody regions (22). The BTBdomain containing proteins KLHL9 and KLHL13 were shown to serve as Cul3 adaptors, which together regulate Aurora B localization on mitotic chromosomes. While the authors attribute the observed mitotic defects to Aurora B activity, this study suggests these changes may be also due to misregulation of microtubule severing by p60/katanin, and raises the possibility that multiple Cul3 substrates may prove important for faithful completion of mitosis. Although it is purely speculative, it is also possible that p60/katanin and Aurora B may have a more intimate involvement in addition to being targeted for ubiquitination by the same E3 ligase. Aurora A kinase, an Aurora B-related kinase, was shown to phosphorylate NDEL1 at mitotic entry, after which NDEL1 is rapidly degraded by ubiquitin-dependent proteolysis (70, 71) .
NDEL1 modulates recruitment of p60/katanin to the centrosome and regulates cytoplasmic dynein function in neurons (71) . Treatment of HeLa cells with an Aurora B kinase inhibitor, ZM447493, resulted in an increase in p60/katanin protein levels ( Figure S5 ). It is tempting to speculate that Aurora B phosphorylation of p60/katanin may lead to its degradation. This is consistent with our hypothesis in that inhibition of Aurora B kinase activity may allow accumulation of unphosphorylated p60/katanin that is unable to be targeted for ubiquitination.
Reduction of Cul3 expression by the addition of dsRNA caused an increased number of multinucleated cells, indicating a failure to complete mitosis in a normal fashion. p60/katanin protein levels were greatly elevated in cells having reduced Cul3 expression, further underscoring the importance of Cul3 in katanin regulation. Improper chromosome segregation leads to genetic instability that ultimately may result in tumorigenesis. We have previously shown that Cul3 is crucial for normal cell cycle regulation by targeting cyclin E for ubiquitin-mediated degradation (14) .
This study suggests an additional role of Cul3 in the regulation of cell cycle progression by its importance in promoting mitosis. Absence of Cul3 function may thus initiate tumorigenesis in a number of ways, both by promoting increased cyclin E protein stability and by contributing to genetic instability.
The data presented here suggest that Ctb9/KLHDC5 is essential for the completion of mitosis by regulating the abundance of the microtubule-severing katanin catalytic p60 subunit. How Cul3-Ctb9/KLHDC5 ubiquitination of p60/katanin is triggered is not known. We have narrowed down the region of binding to the first kelch domain on Ctb9/KLHDC5 but have not determined what amino acids on p60/katanin are essential for this interaction. Although there is some evidence that p60/katanin is phosphorylated, it is not clear if that is a trigger for recognition by the Cul3-based E3 ligase. It is intriguing to note that when p60/katanin is immunoprecipitated by Ctb9/KLHDC5, it appears to be a doublet in which a higher molecular weight form of p60/katanin is enriched ( Figure 4A ).
We are tempted to speculate that the slower migrating band is a modified form that contains the signal for E3 ligase binding.
In conclusion we have identified p60/katanin as a novel Cul3 substrate, which is targeted for ubiquitin-mediated protein degradation following recognition by the substrate adaptor, Ctb9/KLHDC5 ( Figure 7A ). The architecture of the complex consists of the adaptor (Ctb9/KLHDC5) bound to the amino terminal region of Cul3 carrying its cargo, p60/katanin. The carboxyl-terminus is bound to an E2 ubiquitin-conjugating enzyme that has not been identified. Correct positioning of the substrate and E2 by the E3 complex mediates ubiquitin transfer. The severe phenotypes observed by interfering with this regulation (increased microtubule arrays, bi-nucleate cells) underscore the importance of p60/katanin degradation.
However these observations beg the question: what might the biological role for this regulation be? We suggest that both timing of production, localization and degradation of p60/katanin are crucial for properly completing mitosis ( Figure 7B) . A major player in this process is the production, activation and possibly degradation of the Cul3 adaptor Ctb9/KLHDC5. Both proteins are expressed in early mitosis but as mitosis proceeds Ctb9/KLHDC5 is excluded from the midbody and at the same time its substrate, p60/katanin, accumulates in the same location. This allows activity of the katanin to be high in the midbody region. We propose that over expression of Ctb9/KLHDC5 results in too much degradation of p60/katanin, which results in an accumulation of microtubule arrays causing post mitotic arrest. In contrast, too little Ctb9/KLHDC5 results in an accumulation of p60/katanin that ultimately prevents microtubule formation causing cells to arrest before attempting mitosis.
(red). Arrows indicate cells that received siRNA. Two independent siRNAs targeted against Ctb9/KLHDC5 were used. The upper two sets of panels depict cells treated with siRNA (1) and lower panels with siRNA (2). Control siRNA showed no change in tubulin staining (not shown). The size bar indicates 10 µM (*, P < 0.0001). Quantification of p60/katanin immunofluorescence levels is shown to the right. n indicates the number of cells quantified. The size bar depicts 10µM (*, P = 0.0004; **, P < 0.0001). A.
